ABSTRACT: A new idea is proposed to modify the conventional Wilkinson power dividers to operate at two or several desired frequencies. The proposed structure contains two Microstrip Nonuniform Transmission Lines (MNTLs) instead of two uniform ones with nearly the same length at the minimum frequency. The strip width of MNTLs is considered variable and is written as a truncated Fourier series. Three nonuniform power dividers are designed and one of them operating at frequencies 1.0, 2.8, and 4.5 GHz is fabricated and measured. The measured results of the fabricated diplexer have a good agreement with the theoretical results.
I. INTRODUCTION
Power dividers are one of the important components in microwave circuits to divide a power to at least two channels, or combine the powers in a channel if they are passive. The commonly used microstrip power dividers are Branch-Line [1] and Wilkinson [1, 2] types. The outputs of the former one are in-quadrature and of the later one are in-phase. One of limitations of these power dividers is that they operate properly only at a fundamental frequency and its odd harmonics. Therefore, they are not suitable for the recently increasing number of dual and multiband applications. Some efforts have been done to modify the conventional Wilkinson power dividers to make them operate at two or several desired frequencies [3] [4] [5] [6] [7] . The main proposed ideas for multiband Wilkinson power dividers are using a multistage structure consisting of several cascaded power dividers [3] [4] [5] [6] and using composite right/left-handed transmission line (CRLH) [7] . The main disadvantage of multistage and CRLH power dividers is their large length and obligation to use lumped elements, respectively. On the other hand, one of the concerns of researchers is to compact the microwave components. In this article, a new idea is proposed to modify the conventional Wilkinson power dividers to operate at more than one desired frequencies. The proposed structure contains two microstrip nonuniform transmission lines (MNTLs) instead of two uniform ones. The strip width of MNTLs is considered variable and is written as a truncated Fourier series. The optimum values of the coefficients of the Fourier series are obtained through an optimization approach. Finally, the performance of the proposed power divider is studied using three examples containing a fabricated one operating at three frequencies.
II. NONUNIFORM POWER DIVIDER
Figure 1a depicts a nonuniform Wilkinson power divider composed of two similar MNTLs of length d along the z axis that are terminated by source and load resistances Z 0 and are connected at their outputs by the internal resistance R. Also, Figure 1b depicts the cross section of a typical MNTL whose relative electric permittivity and thickness are e r and h, respectively. The width of strip of MNTL is varying with z as w(z), also. MNTLs are designed in such a way so that the resulted power divider work at two or several arbitrary frequencies
To analyze MNTLs, one can use quasi-TEM based methods such as cascading many short sections [8, 9] , in which MNTLs are subdivided into many uniform, linear or exponentially electrically short sections and then the ABCD matrix is obtained by multiplying the known ABCD matrices of all short sections to each other.
After finding the ABCD parameters and the input and output impedances of two MNTLs of the proposed power divider in two cases of even and odd modes, the S parameters of the complete structure can be determined as follows:
where Z in is the input impedance of one of two branches in the even mode and also Z e out and Z o out are the output impedances of that branch in the even and odd modes, respectively. According to the equivalent circuits for even and odd modes, three impedances Z in , Z e out , and Z o out can be derived simply using the obtained ABCD parameters of each nonuniform transmission line, as follows
III. SYNTHESIS OF POWER DIVIDER
In this section, a general method is proposed to optimally design the proposed structure as a multifrequency power divider. First, we consider the following truncated Fourier series expansion for the normalized width function w(z)/h of two MNTLs.
ln wðzÞ h
The optimum values of the unknown coefficients C n along with the length d and internal resistance R can be obtained through minimizing the following defined error function.
where N f is total number of optimized frequencies f 1 , f 2 , f 3 , etc., and S desired is the desired scattering parameter matrix given by
Moreover, the above-defined error function should be restricted by some electrical or physical constraints as follows: 
where (w/h) min and (w/h) max are the minimum and maximum available normalized width, respectively.
IV. EXAMPLES AND RESULTS
In this section, three nonuniform power dividers are designed, and one of them is fabricated and measured, considering Z 0 ¼ 50 X, (w/h) min ¼ 0.1 and (w/h) max ¼7. Tables I  and II show the unknown coefficients, length of MNTLs and internal resistance for three designed power dividers. It is seen that the required length is smaller or at most Figure 2 depicts the normalized width function of MNTLs. Also, Figures 3 and 5 illustrate the amplitude of the scattering parameters of power dividers versus frequency. The deep nulls at desired frequencies are observable, and the minimum of the input and output return losses and the output isolation are 18, 25, and 35 dB for three designed power dividers. It is seen from Table II that the required length of the proposed Wilkinson power divider is close to that of a conventional one at the minimum frequency. Also, it is seen from Table II and Figures 2-5 that as the desired frequencies move farther from the fundamental frequency and its odd harmonics, the required length is increased, the variations of the normalized width function are increased and the input and output return losses as well as the output isolation are decreased. The designed power divider for frequencies [1, 2.8, 4 .5] GHz is fabricated on a substrate with e r ¼ 2.2 and h ¼ 20 Figure 2 The normalized width function w(z)/h for three designed power dividers. The insertion loss of the fabricated power divider is 0.1, 0.7, and 1.0 dB at frequencies 1.0, 2.8, and 4.5 GHz, which is due to the losses of substrate, conducting strips and connectors as well as radiation. Also, the minimum of the input and output return losses and the output isolation are 18.5, 20, and 18 dB at frequencies 1.0, 2.8, and 4.5 GHz, respectively. Taking into account the weak validation of the quasi-TEM approximation at wide strips and also the proximity of two lines at the connection point could yield better practical results.
V. CONCLUSIONS
Nonuniform Wilkinson power dividers were proposed to operate at two or several desired frequencies. The proposed structure contains two MNTLs instead of two uniform ones. The strip width of MNTLs is considered variable and is written as a truncated Fourier series. Three nonuniform power dividers are designed and one of them operating at frequencies 1.0, 2.8, and 4.5 GHz is fabricated and measured. The measured results of the fabricated diplexer have a good agreement with the theoretical results. The insertion loss of the fabricated power divider was 0.1, 0.7, and 1.0 dB at frequencies 1.0, 2.8, and 4.5 GHz. Also, the minimum of the input and output return losses and the output isolation are 18.5, 20, and 18 dB at frequencies 1.0, 2.8 and 4.5 GHz, respectively.
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